We report on the design of two plasmonic nanostructures and the propagation of frequency-bin entangled photons through them. The experimental findings clearly show the robustness of frequency-bin entanglement, which survives after interactions with both a hybrid plasmo-photonic structure, and a nano-pillar array. These results confirm that quantum states can be encoded into the collective motion of a many-body electronic system without demolishing their quantum nature, and pave the way towards applications of plasmonic structures in quantum information.
Introduction
Surface plasmon polaritons (SPPs) are virtual particles resulting from the coupling of light to the collective oscillation of the conduction electrons at a metal-dielectric interface. Due to the evanescent field in the direction perpendicular to its propagation, a SPP generates a strong con-finement of the incident light at the interface. Moreover, reports have shown that plasmons maintain non-classical photon statistics, and preserve entanglement, allowing for the encoding of entangled photons in multi-electronic systems.
Recently, the interest for quantum plasmonics has increased in the physics community, in view of its unique capabilities to control and manipulate non-classical states of light by using plasmonic resonances. Integrated quantum technologies based on SPPs or localized surface plasmon polaritons (LSPPs) hold great potential for various applications in quantum information processing, since it allows scalability and miniaturization as well as a coherent coupling to single emitters [1] [2] [3] . Additionally, control and manipulation of quantum light using light-matter interactions at the nanoscale could lead to new classes of quantum devices, such as single-photon sources, transistors and ultra-compact circuitry, with potential applications for secure communication and advanced computing [4] [5] [6] . Plasmonic excitations have recently emerged as an interesting carrier of quantum information.
Beyond interest for potential applications, a lot of studies have focused on fundamental issues. Of particular interest is the exploration of the so-called mesoscopic world, in which quantum states are coherently carried by billions of electrons. Recent works include single-particle experiments, such as Young's double-slit experiment [7] , other demonstrations of quantum superpositions of single plasmons [8] [9] [10] [11] [12] , the generation of plasmonic squeezed states [13] , and double-particle experiments [14] [15] [16] [17] [18] [19] , such as demonstration of the Hong-Ou-Mandel effect with plasmons, directly demonstrating the quantum bosonic nature of plasmonic excitations.
We focus on studies involving entanglement. Metallic nanostructures allow conversion of photons into surface plasmons which tunnel through the structure before reradiating as photons [20, 21] . This photon-plasmon-photon conversion has been investigated with polarization [22] (see also the theoretical analysis of [23] ), time-bin [24] and orbital angular-momentum [25] entanglement. In these works, the plasmonic structures consisted of two dimen-sional hole arrays [22, 24, 25] and long range surface plasmon polaritons [24] . The investigated wavelengths were 813 nm [22] , 810 nm and 1550 nm [24] , 702 nm [25] . In all cases, there was no unexplained decrease in the visiblities of two-photon interference fringes, with observed visibilities of 96% or higher.
Frequency-bin entanglement has recently emerged as a good alternative degree of freedom for quantum optics experiments. Manipulating energy-time entangled photons directly in the frequency domain allows robust transmission through telecommunication fibers, high-visibility two-photon interference and violation of Bell inequalities [26] [27] [28] . Here we present an analysis of interactions of frequency-bin entangled photons with different plasmophotonic nanostructures. Specifically, in this study we address two pivotal questions. First, in which cases and to what extent does frequency-bin entanglement survive when a photon is subject to a plasmonic conversion? Second, could the nature of a resonance affect the coherence of the photon-plasmon-photon conversion process?
Concerning the second aspect, we investigated two structures. The first is a hybrid plasmo-photonic structure (HPPS) made by nanosphere lithography. This HPPS was designed by combining a continuous metal film and a dielectric photonic crystal. It presents a rich resonance pattern [29, 30] and supports both SPPs and LSPPs, allowing to control the interplay between them and their eventual mixing. The second structure consists of a gold nano-pillar arrays (NPAs) fabricated by nanocoating lithography [31] [32] [33] .
We analyzed the propagation of frequency-bin entangled photons through these two structures, taking care that the optical frequencies are matched with the plasmophotonic resonances, thereby allowing us to investigate whether these structures affect the photon-plasmonphoton conversion processes.
In our experiment, the frequency of the entangled photons was 1552 nm. Net visibilities after passing through the samples are in the range of 95-98%. We did not find any evidence that frequency-bin entanglement is affected by the photon-plasmon-photon conversion. Our results thus confirm that there are no unexpected decoherence effects in the investigated mesoscopic regime, and that a wide range of plasmonic structures can be used for quantum information processing.
Materials and methods

Fabrication of hybrid plasmo-photonic structures and gold nano-pillar arrays
The HPPS was fabricated by the nanosphere lithography technique previously reported in [29, 30] in mass) dispersed in a solution containing water and the polystyrene micro-spheres were then deposited on the glass surface and dried under a tilt angle of approximately 10 degrees under controlled conditions of temperature and humidity (T = 293 K, H = 65%). These conditions led to the formation of large areas of latex micro-spheres mono-layers well-ordered in a closely packed hexagonal array [29, 30] . The structure was then covered with 50 nm of gold by using a Boc-Edwards Auto306 evaporator. The thickness was controlled by an in-situ mounted quartz crystal micro-balance. NPAs were fabricated by the nanocoating lithography technique, as previously reported in [31] [32] [33] . We used as substrate either a transparent polymer film (Zeon Corporation, ZeonorFilm , ZF-14) or a glass substrate covered by a polymer film. The thickness of the polymer film substrate is 100 µm, its refractive index at sodium D line is 1.53, and total light transmittance is 92%. In the case of the glass substrate, a polymer solution (Maruzen Petrochemical, COC solution) was coated on the substrate by spin-coating, resulting in a polymer film of 1 µm thickness. The film on a glass plate showed similar optical characteristics as the polymer film. A pillar-shaped polymer template was realized by imprinting on the flexible transparent polymer film or on the polymer film on the glass plate. The pillar width and height were 200 nm and the pitch between each nano-pillar was 460 nm. The pillar-shape templates formed an hexagonal structure. In our experiments, we used the sample with a glass substrate.
A gold layer of 50 nm thickness was deposited on the template by sputtering (Sanyu Electron, SC-701MC). The gold-covered template was subjected to reactive ion etching treatment. Reactive ion etching treatment is an anisotropic dry etching process that removes the gold layer only on the top and bottom surfaces of the template (Samco, RIE-200NL, power 100 W, pressure 5 Pa, treatment time 4 minutes). This process left only side-wall layers, leading to the formation of gold nano-pillars. Finally, the sample was subjected to O 2 plasma treatment to remove the polymer template, resulting in arrays of hollow gold nano-pillars.
Spectral measurements and simulations
The transmission (T) and reflection (R) spectra of the HPPS and NPA were measured at normal incidence with the 20/20 PV dual microspectrophotometer from CRAIC Technologies, on sample areas of 100 × 100 µm 2 . The normalization of the spectra was performed with respect to the glass substrate. The reflection spectra were also measured at various incidence angles with respect to the sample's normal, using a Lambda 950 Perkin Elmer UV/VIS/NIR spectrometer equipped with the Universal Reflectance Accessory. The absorption (A) spectra were deduced from the relation
The T, R, A spectra of both types of structures were simulated by solving Maxwell's equations using the threedimensional finite-difference time-domain method, implemented in the freely available MEEP software package [34] . By Fourier transforming the response to a short, broadband, spatially extended gaussian pulse in the farfield of the structures and normalizing with the response of a reference (the glass substrate) for the same excitation conditions, a single simulation yielded the T, R, A spectra over a wide spectrum of frequencies. The electrical nearfield patterns of the plasmo-photonic structures were obtained by sending a narrow-band, frequency-gated, and spatially-extended Gaussian pulse in the far-field of the structure and recording the three components of the electric field in time. In all types of simulations, the wavevector is normal to either the substrate or the sample's surface. Periodic boundary conditions were implemented laterally, and perfectly matched layers were implemented longitudinally, in the propagation direction. The dielectric permittivities of the glass substrate and the polystyrene spheres were taken to be 2.3 and 2.5, respectively. The dielectric permittivity of gold was specified by using a sum of Drude and Drude-Lorentz terms, following Rakic et al. [35] 
Measurement of frequency-bin entanglement
Spontaneous parametric down-conversion occurs when a monochromatic laser pumps a second-order nonlinear crystal: a pump photon at (angular) frequency ωp creates two daughter photons, denoted signal (s) and idler (i) photons. Conservation of energy implies that ωs + ω i = ωp: the sum of the frequencies of the signal and idler photons is determined but the frequency of each photon is uncertain. The bi-photon state is thus frequency-entangled, and can be idealized as:
where |ω⟩ represents a single photon at frequency ω, and A and B denote that the signal and idler photons are sent to different protagonists, commonly called Alice and Bob. The quantum optics experiment follows closely that reported in [28] (except for the frequency filters that are of the type used in [27] ). In detail, a continuous-wave laser (from Sacher Lasertechnik) with wavelength λp = 2πc/ωp = 776.04 nm pumps a periodically-poled lithium niobate waveguide (from HC Photonics), thus generating frequency-entangled photons around wavelength λ 0 = 2πc/ω 0 = 1552.08 nm. The bandwidth of the photons extends on the whole telecommunication C-band. The photons are separated with an optical coupler and sent through standard optical fibers. In the present experiment, photon B is coupled out of its fiber, transmitted through a plasmonic nanostructure, and re-coupled into a fiber. The spot size on the plasmonic structure is a few square millimeter, much larger than the nanostructures. Figure 1 schematically depicts our experiment. Experimental setup for generating frequency-entangled photons (source S) and measuring two-photon interference in the frequency domain (electro-optic phase modulators EOPMs, frequency filters F, single-photon detectors det) after a photon has been subject to a photon-plasmon-photon conversion (P-P). See text for a detailed description.
Each photon passes through a different fiber-pigtailed electro-optic phase modulator (from EOspace) driven by a radio-frequency signal V(t) = v sin(φ − Ωt), with adjustable amplitude v and phase φ. Due to the electro-optic effect, a photon's frequency state is transformed according to:
with Jn a Bessel function of the first kind, c = πv/Vπ, and Vπ characteristic of the modulator's response. A phase modulator therefore creates frequency sidebands separated by the modulation frequency, which corresponds to a quantum superposition of frequency bins.
Photons A and B are modulated at the same radiofrequency Ω/2π = 25 GHz, but with adjustable amplitudes and phases, (a, α) for photon A and (b, β) for photon B. These parameters are set independently and precisely with a dedicated radio-frequency architecture based on remotely controlled phase shifters and attenuators. Using (1) and (2), the joint probability to detect photon B at frequency ω 0 given that photon A is detected at frequency ω 0 (and conversely) reads
In this equation, we have added a phase offset ϕ 0 that corresponds to the RF phase acquired by photons and RF signals traveling from the photon pair source and the RF source, respectively. This offset phase has to be determined experimentally, but is fixed throughout the duration of the experiment. Note that P = 1 when a = b = 0, as expected by energy conservation. With phase modulation, P is a function of a global parameter depending on (a, α) and (b, β). This is a signature of a non-local two-photon interference in the frequency domain, signature of the frequency entanglement allowing Bell inequality violations. Note that individual probabilities to detect each photon at a given frequency ω A or ω B are not affected by the modulation.
Such an interference pattern can be detected with narrow-band frequency filters and single-photon detectors. In our experiment, each electro-optic phase modulator is followed by a fiber Bragg grating (from Acreo) aligned on frequency ω 0 . The spectral characteristics of the filter (full-width-at-half-maximum ≈ 4 GHz and isolation at 12.5 GHz ≈ 30 dB) allow a correct discrimination of the frequency bins. Photons belonging to the frequency bin centered on ω 0 are sent to avalanche photodiodes (from id Quantique) operated in gated mode. Detection efficiency is 10%, gate width is 100 ns, repetition rate is 100 kHz, and dark-count rate ≈ 200 Hz.
A time-to-digital converter (Agilent Acqiris) records the time delays between events common to Alice's and Bob's detectors. A histogram of these events reveals a coincidence peak when correlated photons are present. Taking into account noise, the (net) number of events in this peak is supposedly proportional to the joint probability detection: N ∝ P. In the present experiment, we chose radiofrequency amplitudes a ≈ b ≈ 1.2 and a fixed radiofrequency phase β, and we varied α between 0 and 2π. In this case, P should be maximal (and equal to 1) when α − β − ϕ 0 = π, and minimal (and equal to 0) when 2a 2 [1 + cos(α − β − ϕ 0 )] is a root of J 0 , see (3) . This procedure thus allows the evaluation of the visibility of the two-photon interference pattern:
with Nmax (N min ) corresponding to the maximal (minimal) number of counts registered in the coincidence peak. Net values are obtained from raw values by removing the contribution of accidental coincidences, evaluated from the background noise in the histogram.
Resonances of plasmo-photonic nanostructures
In order to characterize the resonance patterns of the HPPS (a mono-layer of hexagonal close packed polystyrene beads of diameter D = 1000 nm covered with 50 nm of gold) and the NPA (a hexagonal array with pitch 460 nm of cylindrical gold pillars of width and height 200 nm, thickness 50 nm), we measured their T, R, A spectra. The measured spectra of the HPPS are given in figure 2 (left panel) . The optical transmission spectrum of the HPPS is significantly structured. On the contrary, a flat gold film would exhibit the well-known featureless spectrum of a semi-transparent film, being rather opaque in the visible range [29] . Accordingly, the overall transmission of the HPPS is strongly increased compared to the transmission of a flat continuous metallic film of the same nominal thickness. It exhibits well-defined maxima and minima, with an asymmetric peak that resembles very much the one previously reported for extraordinary transmission of metallic subwavelength hole arrays [22] . The major asymmetric peak is observed around 1300 nm and is attributed to a Bragg-plasmon mode [29] , resulting from the periodicity of the structure and the commensurability of the lattices at the metal-dielectric interface. On the longwavelength side of this peak, a significantly reduced transmission is observed, which also corresponds to a maximum of absorption. This feature, centered at 1600 nm, can be confidentially assigned to a LSPP mode. In order to better match the resonance frequency of the Braggplasmon mode with the frequency-entangled photons, we shifted the incidence angle to π/4. According to the Braggplasmon law [30] , this shifts the transmission maximum to:
where ϵ e is the effective permittivity expressed by the plasmonic-dielectric interface mixing rule 1/ϵ e (λ) = 1/ϵ gold (λ) + 1/ϵ dielectric (λ), ϵ dielectric being defined on a filling factor basis, ϵ dielectric = ϵ polystyrene f + ϵ air (1 − f ). The simulated spectra of the HPPS are given in figure 3 (left panel). They are in good agreement with the measured spectra.In particular, a transmission maximum at 1300 nm, corresponding to an absorption minimum, is recovered, signaling the Bragg-plasmon mode. Furthermore, a broad absorption peak, corresponding to a minimum transmission, and centered at 1600 nm, is also found, as a characteristic of the LSPP resonance. The near-field intensity pattern at the wavelength of the frequency-entangled photons (λ = 1.552 µm) propagating through the structure is shown in the inset of figure 3 . The Ex field intensity does not penetrate the glass substrate (bottom) and, instead, shows a strong confinement on the air-metal interface (top of the figure). The Ez intensity map is also largely confined to the air-metal interface, the field intensity propagating only slightly in the sphere. These features correspond nicely with the existence of an LSPP mode at this wavelength. However, the small difference in optical response between simulated and experimentally obtained data is due to the fact, that the simulated optical response are calculated assuming the perfect defect free structure/array.
We also performed similar spectral measurements and simulations on the Au NPA, see right panels of figures 2 and 3. The optical properties of metallic nanoparticles are influenced by particle size, shape, environment and, possibly (i.e. if close enough) by their mutual orientations. The minimum transmission exhibited at around 1 µm, that coincides with an absorption maximum, suggests the oc- curence of an LSPP resonance. This absorption peak is rather broad. One might think, at first glance, that the large width could be due to a disordered arrangement of the pillars in the array, or to the pillars varying slightly in size or shape. However, exactly the same feature appear in the spectrum obtained from finite difference time-domain simulations based on an idealized arrangement of ideally sized and shaped pillars, precluding the attribution of the large peak to some imperfections of the NPA. The width of the peak is therefore probably due to a large radiative damping of the plasmon mode involved. This peak extends significantly to the wavelength (λ = 1.552 µm) at which the propagation and survival of the frequency-bin entangled photons is investigated. For all structures, the measured optical losses at the wavelength λ = 1.552 µm are sufficiently low, see table 1, to allow a detailed study in the quantum regime.
Quantum study
We first investigated whether frequency-bin entanglement was preserved when one of the two photons of an entangled pair is transferred through our plasmonic nanostructures. In order to perform this observation, we followed experimental procedures similar to those used in previous works [22, 24, 25] . Figure 4 shows typical results performed on our structures. Results shown in the left (right) panels pertain either to the HPPS (50 nm gold deposited on nanosphere array) or to a 50-nm gold layer deposited on a glass substrate. Similar results were obtained for the NPA. When the HPPS was used at an angle of 45 degrees, the photon frequency matches with the Bragg plasmon mode, causing slight increase of the measured coincidence rates (typically of the order of Hz) that are consistent with the measured loss values. Note that coincidences are almost fully lost in the case of non-structured film, due to its much higher loss. The measured coincidence rates (typically of the order of Hz) are consistent with the loss values given in table 1.They were measured by using the same setup as for the quantum measurements (see Figure 1) . But a classical light source was used, and the power transmitted through the setup was measured, referenced to the case where the sample was absent. Since all samples were characterized using the same setup (the incident light had approximately the same spatial properties), the measured values for losses are fully reproducible and are closely correlated to the structure of the sample. The enhanced coincidence peak and signal-tonoise ratio on the left panel of Figure 4 clearly highlights the role of the plasmonic resonance. The enhanced coin- cidence peak and signal-to-noise ratio on the left panel clearly highlights the role of the plasmonic resonance on the survival of photons, and hence entanglement, when they pass through the HPPS, as the vast majority of analyzed photons have indeed been subject to a photonplasmon-photon conversion. Furthermore, we confirmed that entanglement is preserved after photon-plasmon-photon conversion by varying the phase α of Alice's modulator. Figure 5 shows the resulting two-photon interference pattern. The continuous curve is the theoretical prediction eq. (3). Experimental measurements -extracted from coincidence peaks such as the ones of figure 4-are in good agreement with the predictions. After subtraction of the background noise, large net visibilities are obtained, see table 1. As shown in [26] [27] [28] , frequency-bin entanglement can be used to violate the Clauser-Horne Bell inequality, by a theoretical maximal value of S = 2.389. Measured visibilities should allow a violation of at least 2.2.
Conclusion
In the present work, we have studied the preservation of entanglement during photon-plasmon-photon conversion. For both the plasmonic structures investigated, a nanosphere array and a nanopillar array, and the type of entanglement used, frequency-bin entanglement, had not been studied previously in this context. We find no evidence for decrease of coherence when photons are converted to mesoscopic electronic excitations. Indeed, the only parameter that seems to influence the results are the losses of the samples, which are much higher for a flat gold film than for the investigated plasmonic structures due to the existence of plasmonic resonances.
Our experiment can be the basis for further studies on the link between the nature of plasmonic resonances and the photon-plasmon-photon conversion processes. It may also contribute to the development of applications of metallic nanostructures in quantum-based technologies.
